The aims of this study were to verify the effects of Epidermal Growth Factor (EGF) on the morphology, primordial follicle activation, growth and proliferation of granulosa cells of ovine follicles cultured in situ, as well as the effect of a PI3K inhibitor on the follicular activation. Ten ovine ovaries were divided into fragments, being one fixed for histological analysis (fresh control). The remaining fragments were cultured for 7 days in control medium (α-MEM + ) alone or supplemented with EGF (1, 10, 50, 100 or 200 ng/mL). Follicles were classified as normal or atretic, as primordial or growing, and the oocyte and follicle diameters were measured. PCNA immunohistochemistry was performed in the fresh control and in treatment that showed the best results for follicular activation. Pharmacologic inhibition of PI3K activity was performed through pretreatment in media added with 50 µM LY294002 for 1 h. The percentage of normal follicles decreased (P < 0.05) after 7 days of culture in all treatments compared to the fresh control. A significant reduction in the percentage of primordial follicles and an increase (P < 0.05) in the growing ones were observed in all treatments compared to fresh control. Furthermore, both the control medium and 1 ng/mL EGF promoted an increase (P < 0.05) in follicular activation compared to other EGF treatments. The PCNA-positive cells in the EGF treatment were higher (P < 0.05) than in fresh control and α-MEM + . Pretreatment of ovarian tissue with PI3K inhibitor significantly inhibited (P < 0.05) α-MEM + -stimulated primordial follicle activation, but had no effect on EGF-stimulated activation (P > 0.05). In conclusion, PI3K pathway mediates the in vitro spontaneous activation of sheep primordial follicles. Moreover, EGF may act indirectly on follicular activation by promoting granulosa cell proliferation at 1 ng/mL, and EGF inhibited follicle activation in concentrations similar or higher than 10 ng/mL.
Introduction
The majority of follicles within ovarian cortical tissue are quiescent primordial follicles, so the first consideration of an in vitro growth system should be to optimize initiation of primordial follicles growth and to support early follicle development (Telfer and Zelinski, 2013) . Some paracrine or endocrine factors that might regulate these early steps of folliculogenesis have been identified (Monget et al., 2012) , including the locally produced epidermal growth factor (EGF; Silva et al., 2016) .
The biological functions of the EGF are mediated by the EGF receptor (EGFR), which was localized in the oocyte and granulosa cells of all follicle development stage (hamster: Roy and Greenwald, 1990; human: Maruo et al., 1993; swine: Singh et al., 1995; caprine: Gall et al., 2004) . In vitro studies have shown that EGF reduced atresia levels in isolated swine preantral follicles (Mao et al., 2004) , maintained prepubertal cat primordial follicle viability (Fujihara et al., 2014) , promoted primordial follicle activation (caprine: Celestino et al., 2009; rat: Li-Ping et al, 2010) , follicular growth (bovine: Wandji et al., 1996a; caprine: Silva et al., 2013) , proliferation of the granulosa cells from swine primary and secondary follicles (Morbeck et al., 1993) , and stimulated the antrum formation (bovine: Gutierrez et al., 2000; caprine: Celestino et al., 2011; Silva et al., 2013; ovine: Santos et al., 2014) . Moreover, the association of EGF (in a fixed concentration: 100 ng/mL) with either Indole Acetic Acid (IAA) or Follicle Stimulating Hormone (FSH) maintained normal follicle morphology after ovine ovarian tissue culture (Andrade et al., 2005) . In latter study, however, the authors did not analyze an optimum curve for the relationship between EGF and early follicular growth. Therefore, a dose response study to determine which is the optimum dose of EGF that might maintain the normal morphology and stimulate the in vitro activation of ovine primordial follicles is necessary.
Furthermore, although the EGFR is among the tyrosine kinase receptors that can activate the phosphatidylinositol 3-kinase (PI3K) pathway (Liu et al., 2006) , the intracellular signaling pathways activated during ovine primordial follicle activation remain largely uncharacterized and are fundamental to understand the molecular systems responsible for this fundamental aspect of ovarian development and function that influences fertility (John et al., 2008) . Some studies have demonstrated that pharmacological manipulation of the PI3K pathway, using PI3K inhibitors such as LY294002 (Granville et al., 2006) , could potentially give a better understanding of the function and regulatory mechanisms of this pathway on Anim. Reprod., v.14, (Suppl.1), p.1298-1306, 2017 1299 follicular activation (Keating et al., 2009; Sobinoff et al., 2012; Zhao et al., 2014) . However, it remains to be seen whether PI3K or its inhibitor LY294002 can be used to maintain morphologically normal follicles and to promote follicle activation in sheep ovaries cultured in vitro. Therefore, the aim of this study was to analyze whether a dose-response curve of EGF might have beneficial effects on the morphology, primordial follicle activation, growth and proliferation of granulosa cells of ovine follicles using in situ organ culture. In addition, LY294002 was used to further verify the hypothesis that pharmacological inhibition of the activation of the PI3K pathway would inhibit follicle growth in vitro, especially under exogenous EGF stimuli.
Material and methods

Source of ovarian tissue
Ovarian cortical tissues (n = 10 ovaries) were collected at a local abattoir from five adult (1-3 years old) mixed-breed sheep. Immediately post-mortem, pairs of ovaries were washed once in 70% alcohol (Dinâmica, São Paulo, Brazil) and then twice in minimum essential medium buffered with HEPES (MEM-HEPES) and supplemented with antibiotics (100 µg/mL penicillin and 100 µg/mL streptomycin). The ovaries were transported within 1 h to the laboratory in tubes containing MEM-HEPES and antibiotics at 4°C (Chaves et al., 2008) . Unless noted otherwise, supplements, EGF and chemicals used in this study were purchased from Sigma Aldrich Chemical Co. (St. Louis, MO, USA).
In vitro culture of preantral follicles
In the laboratory, the ovarian cortex was cut into approximately 3 mm x 3 mm (1 mm thick) small pieces under sterile conditions using a scalpel blade. For each animal, one slice of tissue was randomly selected and immediately fixed for histological analysis (fresh control). Thereafter, the remaining tissue fragments of each ovarian pair were randomly divided into six experimental groups. The fragments of ovarian cortex were cultured individually in 1 mL of culture medium in 24-well culture dishes for 7 days; the culture conditions were 39°C in an atmosphere of 5% CO 2 in the air. The base culture medium (control) consisted of α-MEM (MEM α, nucleosides, catalog number 12571, Gibco, Invitrogen, Karlsruhe, Germany, pH 7.2-7.4) supplemented with ITS (10 µg/mL insulin, 5.5 µg/mL transferrin and 5.0 ng/mL sodium selenite), 2 mM glutamine, 2 mM hypoxanthine, 1.25 mg/mL bovine serum albumin (BSA) and 50 µg/mL ascorbic acid and then referred as α-MEM + . For the experimental conditions, the control medium was supplemented with EGF (recombinant Epidermal Growth Factor human -E9644) at different concentrations (1, 10, 50, 100 or 200 ng/mL). Each treatment was repeated five times, thus using the ovaries of five different animals. The culture medium was replenished every other day.
Morphological analysis and assessment of in vitro follicular growth
Tissues from all treatments (fresh control, control medium and EGF treatments) were fixed in 4% buffered paraformaldehyde (Dinâmica) for 18 h and then dehydrated in increasing concentrations of ethanol. After paraffin embedding (Dinâmica), the ovine tissues were cut into 5 µm sections, and every section was mounted on glass slides and stained by periodic acid Schiff (Dinâmica) and hematoxylin (Vetec, São Paulo, Brazil) . Follicle stage and survival were assessed microscopically on serial sections. Coded anonymized slides were examined by microscopy (Nikon, Tokyo, Japan) at 400X magnification.
The developmental stages of preantral follicles have been defined previously (Silva et al., 2004) : primordial (one layer of flattened granulosa cells around the oocyte) or growing follicles (intermediate: one layer of flattened to cuboidal granulosa cells; primary: one layer of cuboidal granulosa cells, and secondary: two or more layers of cuboidal granulosa cells around the oocyte and no sign of antrum formation). Additionally, these follicles were classified individually as histologically normal when an intact oocyte was present and surrounded by granulosa cells that were well organized in one or more layers and have no pyknotic nuclei. Atretic follicles were defined as those with a retracted oocyte, pyknotic nucleus and/or disorganized granulosa cells detached from the basement membrane. Overall, 150 follicles were evaluated for each treatment (30 follicles per treatment for one repetition x five replicates = 150 follicles), totaling 1050 preantral follicles.
To evaluate follicular activation (transition from primordial to growing follicles, evidenced by the presence of granulosa cells with cuboidal morphology and proliferation) and growth, only morphologically normal follicles with a visible oocyte nucleus were recorded, and the proportion of primordial and growing follicles was calculated at day 0 (fresh control) and after 7 days of culture. In addition, from the basement membrane, major and minor axes of each oocyte and follicle were measured using Image-Pro Plus® software (Media Cybernetics Inc., Silver Spring, MD, USA). The average of these two measurements was used to determine the diameters of both the oocyte and the follicle.
Proliferating cell nuclear antigen (PCNA) immunohistochemistry
Proliferating cells were detected with proliferating cell nuclear antigen (PCNA) immunohistochemistry in the fresh control and in treatments that showed the best results for follicular activation in vitro. For PCNA analysis, additional pairs of sheep ovaries (n = 6 ovaries) were collected, transported to the laboratory, fragmented and cultured (in α-MEM + or in α-MEM + containing 1 ng/mL EGF) as described above. Immunohistochemistry was performed as described in previous studies (Silva et al., 2004; Hoffman et al., 2008) with some modifications. Briefly, 5 µm sections were cut on a microtome (EasyPath, São Paulo, Brazil) and mounted in Starfrost glass slides (Knittel, Braunschweig, Germany). The slides were incubated in citrate buffer (Dinâmica) at 95°C in a deckloaking chamber for 40 min to retrieve antigenicity, and endogenous peroxidase activity was prevented by incubation with 3% H 2 O 2 (Dinâmica) and methyl ethanol (QEEL, São Paulo, Brazil) for 10 min. Nonspecific binding sites were blocked using 1% normal mouse serum (Biocare, Concord, USA) diluted in phosphate-buffered saline (PBS). Subsequently, the sections were incubated in a humidified chamber for 90 min at room temperature with rabbit polyclonal anti-PCNA (1:500; Santa Cruz Biotechnology, Santa Cruz, CA, USA). Then, the sections were incubated for 30 min with MACH4 Universal HRP-polymer (Biocare). The protein localization was demonstrated with diaminobenzidine (DAB; Biocare), and the sections were counterstained with haematoxylin (Vetec) for 40 s. Negative control (reaction control) underwent all steps except the primary antibody incubation.
Only follicles that contained an oocyte nucleus were analyzed for proliferating cell assay. The number of PCNA positive cells (brown staining) was counted in ten randomly fields per treatment using Image-Pro Plus® software. The percentage of PCNA positive cells was calculated as the number of cells in proliferation out of the total number of cells (x 100).
Pharmacologic inhibition of PI3K pathway
The aim was to test the hypothesis that pharmacological inhibition of the PI3K pathway would inhibit primordial follicle activation and survival (morphology) in vitro. For this in vitro culture, additional pairs of sheep ovaries (n=10 ovaries) were collected, transported to the laboratory and fragmented as described above. The ovarian fragments were cultured for 7 days in the control medium (α-MEM + ) or in α-MEM + added by 1 ng/mL EGF without the PI3K inhibitor, or in these treatments in the presence of the PI3K inhibitor (α-MEM + + PI3K inhibitor or EGF 1 + PI3K inhibitor). For PI3K inhibition, 50 µM of the PI3K specific inhibitor LY294002 (Cell Signaling Technologies, Danvers, USA) was added to the control medium (α-MEM + ) for 1 h (before EGF supplementation) at 39°C and 5% CO 2 in the air. Media were changed and treatments replenished every other day (including the inhibitor). The concentration of LY294002 (50 μM) was chosen according to Ryan et al. (2008) and Adhikari et al. (2013) .
Statistical analysis
Data from morphologically normal, primordial and growing follicles from both cultures (without and with the PI3K inhibitor) were submitted to the ShapiroWilk test to verify normal distribution of residues and homogeneity of variances. Therefore, ANOVA and the Tukey's test were applied for comparison among treatments. The values of proliferating cells were submitted to Chi-square test. The results of follicular survival and growth were expressed as the mean ± SD, and the results of follicular activation were expressed as the mean ± SEM. Differences were considered to be statistically significant when P < 0.05.
Results
Follicular morphology and development after in vitro culture
The preantral follicles from the control tissue showed centrally located oocytes and granulosa cells surrounded by normal intact basement membranes (Fig.  1A) , similarly to the morphology of the follicles cultured in medium containing 1 ng/mL EGF (Fig. 1B) . After 7 days of culture with higher concentrations of EGF (100 or 200 ng/mL), atretic follicles with a retracted oocyte and disorganized granulosa cells could be observed (Fig. 1C) . The percentage of morphologically normal follicles decreased significantly after 7 days of culture in all treatments compared to the fresh control (Fig. 2) . However, no significant difference was observed among the treatments. In all culture conditions, a significant reduction in the percentage of primordial follicles, reflecting an increase in the percentage of growing ones, was observed in all treatments compared to the fresh control group (Fig. 3A and B) . Furthermore, both the control medium (α-MEM + ) and the medium containing 1 ng/mL EGF promoted a significant increase in primordial follicle activation compared to the other EGF treatments. A significant reduction in the percentage of activation was found after in vitro culture when the concentration of EGF was increased from 1 to 10 and 200 ng/mL. According to Table 1 , no significant influence of EGF on the follicle or oocyte diameters was observed. ) Different letters denote significant differences among treatments (P < 0.05). 
Evaluation of granulosa cell proliferation using PCNA immunohistochemistry
Proliferating cells were analyzed in the fresh control and in the media that promoted higher follicular activation (control medium and medium containing 1 ng/mL EGF). Ovarian follicles cultured in α-MEM + did not show or showed less proliferating cells (Fig. 4A) . Nevertheless, positive PCNA staining in the granulosa cells was commonly found in ovarian tissue that had been cultured in medium containing 1 ng/mL EGF (Fig. 4B) . Negative control did not show staining for PCNA (Fig. 4C) . The percentage of PCNA-positive cells in the EGF treatment (55.0%) was significantly higher than in the fresh control (13.0%) and α-MEM + groups (5.0%; Fig. 5 ).
Pharmacologic inhibition of PI3K pathway
Pretreatment of ovarian tissue with PI3K inhibitor did not influence the percentage of normal follicles (P > 0.05; Fig. 6 ). Interestingly, the pretreatment of ovarian tissue with LY294002 significantly inhibited the activation of primordial follicles observed in α-MEM + , but had no significant effect on EGF-stimulated activation ( Fig. 7A and B) . ) Different letters denote significant differences among treatments (P < 0.05).
Discussion
To the best of our knowledge, this is the first study to report the PI3K signaling pathway regulating the spontaneous primordial follicle activation in sheep ovary, and to use a PI3K specific inhibitor (LY294002) to further verify the action of PI3K pathway on follicular morphology and activation with response to exogenous EGF stimuli. Addition of EGF to the culture medium had no effect on follicle survival (morphologically normal follicles) compared to the control medium. Similar results were reported after 7 days of culture of goat and sheep ovarian fragments in medium containing 10 ng/mL EGF (Andrade et al., 2014) . However, EGF at 1 or 10 ng/mL maintained follicular morphology and ultrastructure after culture of goat ovarian tissue (Celestino et al., 2009) . This divergence in results might be related to the differences between the species and the media. Celestino et al. (2009) used MEM Eagle (catalog number M0268, Sigma Aldrich Chemical Co), which has a simplest composition than α-MEM containing additional amino acids and vitamins. Therefore, the effect of EGF was more evident using the simplest MEM. Other study showed that only the association of either FSH or IAA with EGF (100 ng/mL) was efficient for maintaining ovine follicular survival after 6 days of culture (Andrade et al., 2005) .
In the current study, both the control medium (α-MEM + ) and the medium containing 1 ng/mL EGF increased primordial follicle activation compared to the fresh control and other EGF treatments. When cortical pieces were placed in culture, primordial follicles would be released from the influence of inhibitor(s) of medullary origin (Cushman et al., 2002) , or the stimulatory factor(s) would override the effect of inhibitor(s) (Braw-Tal, 2002) , allowing follicle activation to be initiated spontaneously even in the control medium (Wandji et al., 1996b; Braw-Tal and Yossefi, 1997) . Other possible explanation for the spontaneous activation is that the fragmentation step, i.e. cutting ovaries into cubes increases actin polymerization and disrupts Hippo signaling pathway, leading to an increase in the expression of connective tissue growth factor and related factors that promote primordial follicle growth in vitro (Hsueh et al., 2015) .
Although previous studies reported that EGF is involved in goat (at 1, 10, and 50 ng/mL; Celestino et al., 2009) and rat (at 50 ng/mL: Li-Ping et al., 2010) primordial follicle development, we observed no further improvement on follicle activation when the tissues were cultured in 1 ng/mL EGF (similar to that in α-MEM + ). It is possible that under these conditions, factors other than EGF are probably involved in the initiation of primordial follicle growth in sheep, such as Kit ligand (Cavalcante et al., 2016) . In this respect, other studies have demonstrated that EGF is not essential for the activation of bovine (at 10 ng/mL; Braw-Tal and Yossefi, 1997; Derrar et al., 2000) , caprine (at 100 ng/mL; Silva et al., 2004) or feline (at 50, 100 or 200 ng/mL; Fujihara et al., 2014) primordial follicles. Moreover, in this study, it was noteworthy that the increase in EGF concentration (10, 50, 100, and specially the highest concentration of 200 ng/mL) inhibited spontaneous follicle activation compared to the control medium. There is evidence of an opposing effect of EGF action depending on species and the dose provided. For example, EGF acts as a survival factor in the neonatal kidney cells of the rat, but potentiates apoptosis under the same conditions in the neonatal mice (Kiley et al., 2005) . Moreover, in a transfected hamster cell line expressing EGFR, a low EGF concentration promotes proliferation, whereas a high dose induces cell-cycle arrest and apoptosis (Zhao et al., 2006) .
Nevertheless, an additive effect on granulosa cell proliferation was observed when ovarian fragments were cultured in 1 ng/mL EGF compared to the fresh control and the control medium. The most probable explanation of the lowest PCNA expression in the granulosa cells of the fresh control might be that the ovary contains mainly primordial follicles (Shea et al., 2014) , in which occasionally PCNA-positive cells have been found (Silva et al., 2004) . Hemamalini et al. (2003) have shown that EGF (50 ng/mL) is a mitogenic factor promoting ovine granulosa cell proliferation and improvement of DNA synthesis. It is well established that granulosa cells secrete growth factors, such as Kit ligand (Silva et al., 2006) , that can regulate primordial follicle activation (Cavalcante et al., 2016) . Thus, EGF likely is exerting its impact indirectly on ovine primordial follicle activation by stimulating the proliferation of granulosa cells and further secretion of other stimulatory factor.
It is possible that key tyrosine kinase receptors respond to their ligands in oocytes by direct binding and activation of the PI3K pathway to promote the initiation of primordial follicle growth . Therefore, to verify the involvement of the PI3K in the regulation of ovine primordial follicle activation in vitro, we tested the hypothesis that pharmacological inhibition of the PI3K pathway with LY294002 would inhibit the initiation of follicle growth. LY294002 has been used at different concentrations (from 1 μM to 50 μM) and incubation periods (from 20 min to 14 days) to inhibit the PI3K pathway in different ovarian cells (Reddy et al., 2009; Mani et al., 2010; Adhikari et al., 2013; Zhang et al., 2014; Fujihara et al., 2014; Lan et al., 2017) . In this study, although the concentration of the inhibitor (50 µM LY294002) is higher than most of the other studies (Keating et al., 2009; Sobinoff et al., 2012; Zhang et al., 2014; Zhao et al., 2017) , our findings support the idea that this concentration was not toxic because it did not reduce the percentage of normal follicles compared to the treatment without the inhibitor. Moreover, the PI3K pathway inhibition decreased the spontaneously ovine primordial follicle activation observed after culture in the control medium, which is in agreement with previous results (rat : Keating et al., 2009; mouse: Sobinoff et al., 2012; Zhao et al., 2014) . However, surprisingly, our results also provide evidence that EGF is nonessential in engaging the PI3K pathway to regulate the activation. Insulin, one component of our control medium (α-MEM + ), exerts its biological effects primarily by activating the PI3K pathway. A previous study has shown that PI3K inhibitors inhibited insulin-stimulated Ras/Raf/Mitogenactivated protein kinase/extracellular signal-regulated kinase 1 and 2 (ERK1/2) signaling pathway, but had no significant effect on EGF-stimulated ERK1/2 phosphorylation (Liu et al., 2006) . Therefore, in this study, a more reasonable explanation is that insulin present in the control medium may be involved in the primordial follicle activation through the PI3K pathway. Nevertheless, EGF may promote the initiation of follicle growth through other signaling pathways, such as mitogen-activated protein kinase (MAPK) and protein kinase C pathways (Li-Ping et al., 2010) . Once more, another possibility is that EGF might be acting indirectly through the proliferation of granulosa cells to promote primordial follicle development. Our findings raise the possibility that pharmacologic agents acting upon the PI3K pathway, several of which are in clinical trials (Granville et al., 2006) , may be useful in controlling follicle activation, treating infertility, or prevent the menopause in woman (John et al., 2008) .
In summary, our findings advance our understanding of ovarian biology by providing the first direct evidence that the PI3K pathway mediates the in vitro spontaneous activation of primordial follicles in sheep. Moreover, this study demonstrated that EGF may act indirectly on primordial follicle development by promoting granulosa cell proliferation at a concentration of 1 ng/mL, and that EGF also inhibited follicle activation in concentrations similar or higher than 10 ng/mL. The study of pathways regulating primordial follicle maintenance is necessary to clarify the biological basis of several forms of female infertility characterized by accelerated primordial follicle depletion, such as primary ovarian insufficiency.
